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Abatract 

A <na|or new thruat In NASA's arronout 1 :al 
raaaarch la tha Aircraft Enargy Efflclancy Program, 
rhla program, Inltlatad In an affort to mlnlmtxa 
tha advaraa impact of tha world wlda fual crisis on 
tha aviation industry, will davalop technology for 
more fuel -efficient subsonic transport aircraft. 

It Includes three major propulsion projects: (I) 

Engine i -nponent Improvement - directed at currant 
engines, (2) Fnargy Efficient Engine • directed at 
new turbofan engines, and (!) Advanced Turboprops - 
directed at technology for advanced turboprop- 
powered aircraft. This paper reviews each project, 
describes a sne of the technologies and recent ac- 
complishments, and summarises their rsspectlvs 
status. 

Introduction 

Following the world fuel crisis In 1973, pre- 
cipitated by the OPEC oil embargo, aviation fuel 
prices repldlv escslateu. Figure I Illustrates 
this point. From 197 3 to 1973, fuel prices 
essentially tripled. As a result, fuel cost became 
2 a much larger percentage of airplane direct oper- 
£ atlng coat (DOC). Taking the Boeing 727 as an »»■ 
u ample, fual coat In 1973 amounted to 23 percent of 
DOC; by 1973 It had risen to IB percent. For air- 
lines to remain economically ’table under such 
circumstances, reduced fuel consumption became a 
primary objectlva. 

Projections for the future Indicate that fuel 
will remain the most Important element of aircraft 
operating cost. (2) This element could become even 
larger If fuel prices continue to Increase at a 
rate faster than labor costa or Inflation, Such 
escalation seems likely In view of the projected 
Increases In air travel which are directly opposed 
to our dwindling supplies of petroleum - a finite 
natural resource. Indeed, fuel conservation in 
Itself may become a primary consideration In the 
future. Although future fuel usage Is uncertain, 
conservative projections Indicate more than a 
doubling of the fuel required for air transporta- 
tion by the year 2000. (J) 

In response to the growing Importance of fuel 
efficiency, from the standpoint of fuel conserva- 
tion as well as the Impact on commerc'al aircraft 
operating economics, the Aircraft Energy Efficiency 
(ACEE) program was formulatad and Implemented In 
1976 by the National Aeronautics and Space Admini- 
stration (NASA). This program represents an ag- 
gressive, focused approach to the development of 
technology for more fuel-efficient aircraft for 
consnerclal airline use. Six major technology pro- 
jects constitute the program. By disciplinary 
area, they are: 

Propulsion 

Engine Component Improvement 
Enargy Efficient Engine 
Advanced Turboprop 


Aerodynamics 

Energy Efficient Transport 
Laminar Flow Control 

Aircraft Structures 

Composite Components and Primary 
Structures 

Within NASA, Langloy Research Center has manage- 
ment responsibility for the three alrcralt-relsted 
projects while Lewis Research Canter manages the 
three propulsion projects. The remainder of this 
paper describes these propulsion projects along 
with some recent results. 

E ngine Component Improvement 

The CF6 aircraft engine manufactured by the 
General Electric Cisnpany and the JT8D and JT9D 
engines manufactured by the Pratt 6 Whitney Air- 
craft Group (fig 2) power the majority of the com- 
mercial jet fleet. They are expected to do so 
throughout the 1980s. For this riason, there la a 
strong Interest In reducing the fuel consumption of 
these eng.nes, and It Is toward his end that the 
Engine Component Improvement (ECI) project la di- 
rected. 

Fuel savings can be achieved through both Im- 
proved engine performance plus Improved performance 
retention. Thus, the ECI project la divided Into 
two subprojects (1) Performance Improvement and 
(2) Engine Diagnostics. The objective of the Per- 
formance Improvement part of the project la to 
develop fuel saving component technology In the 
next few years so that the engine manufacturers can 
plan for certification and Introduction by 1980- 
1982 Into the JT8D, JT9D, and CF6 engines. Com- 
ponents could be Introduced either on new produc- 
tion e’lglnes or through retrofit, depending on the 
econoe.lcs . The Engine Diagnostics part la directed 
at Identifying, quantifying, and understanding the 
perfoimance degradation that occurs with operation- 
al use of the CF6 and JT9D hlgh-bypaaa-ratlo en- 
gines. When such data are obtained, It will be 
used to establish design, operational, or malrte- 
nance criteria for these engine* - or future ad- 
vanced engines • that would economically minimise 
the rste of deterioration throughout engine life. 

Performance Improvement 

In Performance Improvement, NASA la supporting 
and participatin'! with both Ceneral Electric and 
Pratt 6 Whitney in the evaluation, selection, and 
technology deve opment of a number of englno com- 
ponent Improver . ents . The general approach was to 
first have an Industry team conduct an extensive 
feasibility, technical, and economic analysis of 
component Improvement concepts, sotn uenaral Elec- 
tric and Pratt & Whitney were assisted by Boeing 
and Douglas, representing U.S. domestic operators 
of the engines. TWA was slso used by Pratt 6 
Whitney to perform analyses Involving fleet model- 
ing, route structures, and airline economics (such 
analyses were performed by Boeing and Douglas for 
the General Electric team). Eastern Airlines and 
Pan American World Airway: also served as consult- 
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anti to NASA to provide Independent comments on the 
■write ot the concept!, pertlcularly in the mein* 
tenance end retrofit areas. 

The feasibility analysis was started with a 
conceptual/prel lml nary design by each engine menu* 

I aclurer (or a number o( promising concepts. These 
concepts were based on Improvements In areas such 
as component aerodynamics , flowpath seals, blade 
tip clearance control, turbine cooling effective* 
ness, materials and coatings, duct/noxcle/necel le 
aerodynamics , forced exhaust mixers, and controls. 
The Initial Hat of concepts (over bO at General 
Electric and over 100 at Pratt A Whitney) were sub* 
Jetted to a preliminary screening based on quallta* 
tlve engineering Judgment. Concepts deemed to have 
a small fuel saving potential, high development 
risk, or various practical limitations were elim- 
inated . 

Poliowing the concept definition and Initial 
screening, a detailed evaluation procedure was used 
to simulate the decision-making process that nor- 
mally occurs when eiglne and airplane manufacturers 
offer nev concepts or Improvements to airline oper- 
ators. A general flow chart for the procedure Is 
shown In figure }. For each remaining concept, toe 
Impact on engine price, maintenance cost, perfor- 
mance (thrust and specific tuel consumption), 
weight, and noise was established. These data were 
then provided to Boeing and Douglas to enabli them 
to evaluate similar effects on their respective 
airplanes. Various operational assump:lona (fleet 
models, route structures, mission profiles, engine 
usage rates) were also Input to permit cumulative 
fuel savings for each concept to be estimated. The 
next step was evaluation of the economic Impact of 
each concept. Various economic ground rules (use- 
ful engine life, airline capital Investment hurdle 
rates, airline tax and depreciation structures, 
market projections, and fuel prices) had to be es- 
tablished to permit calculation of incrementa' di- 
rect operating costs (DOC), return on investment 
(ROI), and airline payback periods (the time re- 
quired by an airline to recover Its full Investment 
cost). Finally, a ranking was made, with final 
selection by NASA, based on fuel savings, economic 
benefits (s concept required a minimum of IS per- 
cent after-tax R01 or a payback period of no more 
than S to 6 years to be acceptable to the airlines), 
production potential, retrofit potential, develop- 
ment risk, development time, and cost to NASA to 
develop. 

The above evaluation has led to identification 
of 17 hlgh-payoff concepts for potential NASA sup- 
port. Three concepts were identified for the JT8D, 
five concepts for the JT9D, and seven concepts for 
the CF6. In addition, two concepts which are both 
engine and aircraft related were Identified by 
Douglas. All concepts had acceptable payback pe- 
riods, and, In most cases, offered a high degree of 
retrofit potential as well as being applicable to 
new production engines. 

The concepts are listed In figure 4. Also 
listed are the reductions in specific fuel consump- 
tion (SFC) at cruise and estimates of the total 
fuel savings which would be accrued If each concept 
was Incorporated Into new production, or retro- 
fitted, as soon as possible. These projections In- 
volve assumptions of a 15-year new-englne life, 
production through 1990, various degrees of retro- 
fit (depending on the respective concept and en- 
gine model), and - most importantly - projected 


t' at slaa. It should be noted tlial a few con- 
cepts, which were screened out or not selected by 
NASA, did have higher fuel savings (a.g., long duct 
mixed (low nacelles. Increased (an diameter). How- 
ever, such concepts did not meet the economic cri- 
teria. 

The fuel savings shown on figure 4 represent 
a very measurable, worthwhile, and desirable gain 
to the airlines. In 1976, It.S. domestic trunks 
used 76.6 billion liters (704) million gallons) ol 
fuel.(^) At an average price of Bc/llter (about 
JOc/gal) the cost lor fuel was over 2 billion 
dollars. Fuel savings of one percent would have 
provided a cost savings of over 21 million dollars, 
an amount equal to approxioiately M perevnt of .'he 
total after-tax Income ol the li.8. domestic air- 
lines In that same lime period.''’ (And, In 1975, 
a year of losses for the airlines, this amount 
would have cut their losses In half.) 

Based on the results of the feasibility analy- 
sis, the selected concepts are now entering a pro- 
gram of rig testing, engine ground testing, and 
engine flight testing In order to develop their 
technology and verify their real potential for 
cesrnonent Improvement. Preliminary results are 
promising, and it appears early Incorporation of 
these concepts Into new production engines, or by 
retrofit, will be achieved. 

Engine Diagnostics 

The Engine Diagnostics activity is dlr< cted 
toward Investigating performance deteriorat .on of 
the CFb and JT9D hlgh-bypass- rat lo engines. Dete- 
rioration occurs In service with these engines as 
illustrated In figure 5. During initial operation, 
rapid performance degtadatlon on the order of 1 to 
2 percent In SFC occurs. This la called "short 
term deterioration." Such degradation occurs on 
the first flight or flights of the aircraft as the 
engine structure responds to the flight environ- 
ment, permitting tip rubs and seal wear, hence In- 
creasing operating clearances. In the longer term, 
other types of deterioration occur, such as ero- 
sion, warpage of parts, or foreign object damage, 
which cause another loss of 2 to 3 percent In SFC. 
Partial restoration of these losses Is achieved as 
the engine is overhauled. In general, however, 
there Is an increasing degradatl n In performance 
which Is lied "long-term deterioration." 

Our general approach In this area Is to; 

(1) Gather existing flight data, ground test 
data, and used parts information to establish 
historical trends. 

(2) Augment available data with new data from 
In-service engines, both from ln-flight trending 
and from ground tests. 

(3) Assess causes of short-term performance- 
degradation through systematic testing of new or 
low-time englnet. 

(4) Assess causes of long-term degradation by 
collecting ln-servlce trend data on hlgh-'.lmc en- 
gines and through systematic ground tests of the 
same engine (both before and after refurbishment 
or periodic repair). 

(5) Determine sensitivity and effects of de- 
teriorated parts on performance of specific com- 
ponents . 

(6) Establish statistical trends, analytical 
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models, ami design criteria, wltli asaociited corre- 
lation o( the ln|iiit >1 maintenance practical on 
SFC loaaea, anti provide ret 1 'wndat Iona for both 
current anil future engines. 

Again, NASA la supported and participating 
with both Cetieral Electric and I’ratt A Whitney In 
thla actlx lty. Hiatortcal performance data and 
trenda frtm alrllnea, baaed on In-flight measure- 
menta aa well aa teat atand callbratloni, will be 
analyzed. The effect of apeclflc repatra will be 
determined baaed on pre- and poat-repalr teat data. 
Alao, the condition of apeclflc parta will be ex- 
amined to determine wear and clearance changes with 
ilme, cyclea of uae, and performance levels. Ihla 
hiatortcal data will be augmented by new, apeclflc 
data 1 rom current ln-aervlce engines. For example, 
new JT9D engines on the Pan American 747SI’ air- 
craft will be nxmttored, both In-flight aa well aa 
through engine leata run while the aircraft la on 
the ground, to attempt to obtain more data on en- 
gine deterioration. 

Specialized back-to-back teatlng will alao be 
accompllahed, ualng both low-time and hlgh-tlme 
tnglnea. Syatematlc module replacement! between 
old and new englnea and subsequent performance 
teatlng will be performed by General Electric. 

Pratt A Whitney will apply simulated aerodynamic 
loada to the JT9D nacelle and monitor the engine 
running clearance! by X-ray technique!. Within 
modulea, aenaltlvtty of componenta to wear and 
eroalon will be determined by both companies 
through back-to-back testa and measurement!. 
Underlying thla entire effort will be a continuing 
analytical activity to understand the data, to es- 
tablish analytical models for prediction of dete- 
rioration, to evaluate the Impact of maintenance 
procedures, and to establish design criteria for 
future JT'ill and CF6 engine models aa well aa newer 
englnea of the future. 

To date, the Engine Diagnostics activity has 
concentrated primarily on data-gatherlng. Analysis 
of tlie large amount of data la still somewhat ten- 
tative and inconclusive. The historical data, aa 
might be expected, are limited In their suitability 
for assessment of the specific causes of deteriora- 
tion, but they arc useful for establishing trenda, 
effect ol cycles versus hours of operation, and 
dlfterencea In engine deterioration between opera- 
tors because of maintenance and repair practices. 
Component performance losses (and potential for 
recovery) versus usage are still being evaluated, 
and final models and dealgn criteria will be devel- 
oped as the controlled specialized back-to-back 
teats augment the historical data. 

One example of progress In this area, however, 
Is the development of an analytical procedure by 
Pratt & Whitney for predicting the effect of flight 
loada on short-term performance deterioration. Aa 
mentioned earlier, It la believed the primary cause 
of early, rapid deterioration Is the Increase In 
operating clearances due to seal wear. Hie analyt- 
ical procedure that has been developed Investigates 
this effect, The damage mechanism considered was 
Che Increase In local clearances caused by relative 
wear of rotating blade tips and s.atlonary seals. 
Such wear, or Interference, Is considered to be 
caused by loads Imposed through engine deflections 
resulting from fllgit loadr jl/ectlng the engtne- 
nacelle-pylon structure. The procedure starts with 
a flight profile description and a definition of 
maximum flight loads, as developed by Boeing. 

Pratt A Whitney then develops baseline clearances 


at the conditions corresponding to points In the 
flight profile. A NAS r* AN Unite element structur- 
al model, Jointly developed by Pratt A Whitney and 
Boeing, is then used to calculate engine deflec- 
tions due to the external loads • e.g., aerodynamic 
loads (Inlet lift), maneuver loada, and thrust. 
Figure n shows the NASI RAN model. Local interior- 
cnees resulting from the engine deflections (plus 
abradability and wear factors) then establish the 
new clearance. Voa in component performance is 
calculated from the average clearance Increase, 
and thla result la used to calculate loss In SFC. 

Figure 7 compares predicted performance 
loaaea as a function of flight cyclea against ac- 
tual data on short-term deterioration. In thla 
case, the model was used to predict effect of mini- 
mum and raxlmum build clearances on performance de- 
terioration. Most of the actual data falls within 
the predicted band with the average data line show- 
ing the same Increase In SFC with flight cycles as 
does the NASTRAN data 

Another Indication of the accuracy of thla 
model Is shown In figure S. Fan rub patterns for 
a Pan-American engine on the Boeing 747SP after 
141 flights, and for a 747 certification engine, 
alter ISO flights, arc compared to the NASTRAN 
predicted fan rub wear after ISO flights. The cor- 
relation is quite good. It should be mentioned 
that patterns for other components did not corre- 
late as well, although In all cases there was still 
a good correlation between the average actual wear 
and the average of the predicted wear (i.e., total 
area Increase was correlated). 

The schedule for the ECI project Is shown In 
figure 9. In the Performance Improvement area, 
feasibility analyses have been complete! and con- 
cept technology development Is now undetvay. En- 
gine diagnostics la very active, with r. number of 
testa underway. Component sensitivity tests are in 
the planning stage. Short-term deterioration teats 
of a JT9D engine under simulated flight loading 
conditions. In Pratt A Whitney's X-ray test facil- 
ity, are also being defined. 

Energy Efficient Engine 

Tlie second ACEE propulsion effort, the Energy 
Efficient Engine (E 1 ) project, Involves developing 
and demonstrating the technology base for achieving 
higher thermodynamic and propulsive efficiencies 'n 
future commercial turbofan engines. Specifically, 
the project la aimed at aculevlng technology read- 
iness by 1983 In the areas of advanced components 
and systems. At that time, such technology could 
be selected by an engine manufacturer for Incorpor- 
ation Into a new or derlvrtlve engine development 
program with an acceptable degree of risk. Deriva- 
tive engines could thus appear on the market In 
the mid- tc- late 1980s, or in new turbofan englres 
by the late 1980s or early 1990s - depending on the 
evolving airline market needs. E J core technology 
could also be used In future advanced turboprop 
propulsion systems. 

NASA has recognized that future new engines 
must not only be fucl-ef ftclent hut also must be 
economically attractive to the airlines as well as 
being environmentally acceptable. For these rea- 
sons, NASA established a set of goals to provide 
guidance for engine cycle and concept selections 
and tor subsequent development of E^ component and 
systems technology. These goals are: 
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(1) There ihmlil be a significant performance 
Improvement over currant high-bypasa-ratlo enginea. 
Sped I lea I ly thara ahuuld ba (a) at laaat a 12 par- 
cant Improvement tn SFC accompanied by (b) at laaat 
a 5 percept Improvement In DOC along with (c) at 
laaat 50 percent lower deterioration ratea than *»• 
peri meed by current engines. 

(2) Thara should be no degradation In en- 
vironmental quality. Any new anglnea of the late 
19110a or early 1990a must meet nclae and emlaalon 
atandarda that might be in lorce at that time. 
Currently, of courae, the minimum atandarda are 
the FAR- lb notae requ 1 rementa (aa amended March 
1977) and the EPA er aalon atandarda (or enginea 
certified after January 1981. 

(J) There ahould be a throat growth capability 
In the E 1 technology that reflacta (a) the uncer- 
tainty aa Co thruat alee of any future engine baaed 
on E technology and (b) the real teat Ion that com- 
mercial engine modela will undergo a wide range of 
thruat upratlnga at.d dovnratlnga. Such growth 
capability muat br accamp 1 lahed without cempro- 
mlalng the other goala. 

To arrive at engine dcalgns to meet theae 
goala, NASA awarded engine definition contracta to 
both domeatlc manufacturvra of large commercial 
totbofen enginea (Cenerel Electric and Pratt A 
Whitney). Candidate engine conf lguratlona and 
cycle condltlona were aelected by each contractor 
ter extenalve refinement and tradeoff atudlea. 

Aaaiatance waa provided by Boeing, Douglaa, 
and Lockheed In evaluating the Impact on thruat 
lovcla, cycle condltlona, and engine configuration 
due to Integration with poaalble future aircraft 
dealgna. Pan American World Alrwaye and Eaatern 
Alrllnea alao provide Independent evaluatlune of 
the engine conf lguratlona. 

Four baalc type* of turbofan enginea were con- 
aldercd In theae atudlea: 

(1) Direct-drive fan with a eeparate core and 
fan atream exhauat 

(2) Direct-drive fan with mixed core and fan 
atream exhauat (long duct nacelle) 

(3) Ceared fan with aeparate- f low exhauat 

(4) Ceared fan with mixed-flow exhauat (long 
duct nacelle). 

Both engine manuf acturera aelected the direct- 
drive, mixed-flow engine configuration. 

Mlxera clearly provided advantagea In SFC, 
fuel burned, DOC, and nolae. For example, Pratt A 
Whitney (and the aircraft manufacturera who as- 
alated them) eatlraated SFC advantagea of 3-1/2 to 
4 percent, fuel burned (block fuel) advantagea of 
2 to 4 percent, and DOC reductlona of 1/2 to 2 per- 
cent over a aeparate- f low exhauat Nolae advan- 
tagea over a 3/4- length duct configuration ranged 
from 0.4 to 1.1 EPNdB. Moreover, the mixer waa 
conaldared a mechanically almple, high reliability 
ayatem of low development rlak, 

The geared engine veraua direct-drive engine 
evaluation waa not aa conclualve, particularly for 
fuel burned and DOC. Fuel burned for geared en- 
ginea waa aenaltlve to gearbox efficiency and 
weight, while DOC waa aenaltlve to Initial coat, 
maintenance coat (e.g., gear replacement frequency), 
and fuel burned. For a range of reaaonable eatl- 
matea for theae valuea, a wlde-apread variation In 
fuel burned and DOC waa achieved, particularly 


when both U.S. domeatlc and lnternat lonal mlaalona 
were conatdered. Typically, however, there waa a 1 - 
wava a MIC penalty for the geared veraua direct- 
drive engine caae. Alao, >t waa believed that 

(a) the high degree of mechanical complexity oi a 
geared engine (e.g., In addition to the gearbox, 
more main bearlnga were required), coupled with 

(b) the relatively unknown and unpredictable dura- 
bility and reliability of a lightweight, hlgh-powrr 
gearbox under flight load condltlona, would require 
a very extenalve and expenalve commercial develop- 
ment program to aubatantlale gearing durability for 
a future cooanercial energy efficient engine. Tit* 
Impact of the large performance aenaltlvltlea, 
giving marginal or no benefits under aorne circum- 
stances, along with the mechanical uncertain! lea 
which could affect future commercial acceptability, 
led to aelection of the direct-drive engine config- 
uration lor the E* program. 

A wide variety of engine cycle* were aaaeaaed 
In the engine definition atudlea. Tire aelected 
eye lea arv ahown In figure 10 tn comparlaon to the 
current production enginea uaed aa reference en- 
gine* In vatimatlng performance Improvement a of the 
E* deaign. Improvement* In all area* were real lied 
leading to the dealred Improvement* In thermody- 
namic and propulelve ef f Ic lenclea . The cycle con- 
dition* a* i.hown in figure 10 are baaed on exten- 
alve opt imitation and tradeoff atudlea of the ef- 
fect on fuel burned and DOC when varying parameter* 
xucli aa overall preaaure ratio, turbine Inlet tem- 
perature, and bypai a ratio. The cycle* aelected 
are not the optimum I rom the atandpolnt of fuel 
efficiency alone. It wa* recognized that engine 
flrat coat, life, and maintenance coat muat be 
traded off agalnat fuel efficiency, while alao pro- 
viding for a reailatlc growth margin If a coat ef- 
fective airline acceptable deaign la to be the 
final reault. 

Aaaoclated with the engine cycle* arv advance- 
ment* and improved efflclenclea In every component. 
While the aelected engine deaign of each engine 
manufacturer wa* the aaroe (two-apool, d‘ rect-urlvc, 
mixed- (low exhauat), each had different approache* 
to component deaign, reflecting hi* own Ivvel of 
component technology. Figure 11 llluatrate* the 
engine deaign configuration of general Electric. 
Some of the major advanced technology feature* are 
alao Indicated on the figure. 

The fan 1* an advanced aerodynamic deaign with 
mid-span dampers located near the trailing edge of 
the titanium blades. A fan hub quarter-atage 
booster la used to permit low fan tip speeds for 
beat fan performance while maintaining proper core 
boost pressure at a high efficiency. The booater 
alao offers a reduction In foreign object damage 
to the core by allowing such objects to be centri- 
fuged Into the bypasa stream. The high-pressure 
compressor Is an extremely advanced machine Incor- 
porating high efficiency, low aspect ratio (long 
chord) blades to minimize number of blades and to 
provide ruggedness for reduced performance deterio- 
ration with time (both factors In maintenance coat) 
Active clearance control la uaed for the last five 
stages, while the inlet guide vanes and flrat four 
vane rows are variable. The basic design of the 
compressor waa based on the NASA Advanced Multi- 
Stage Axial Flow Core Compressor Program. 

The combustor la a double-annular, low emis- 
sion deaign derived from the NASA Experimental 
Clean Combustor Program. Thla design concept pro- 
vides the staged burning necessary to meet emla- 
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tlimi requl remeiit* , but In a abort compact dealgn. 
fha hlgh-preaaur* turbine la a two- at age, cooled, 
blub efficiency dealgn Incorporating ceramic tip 
ahrouda and active clearance control. Direction* 
ally aolldtfted Rene 1)0 material la planned for 
the alrfolla, along with Improved cooling tecbnol* 
ogy. Ot* low-preaaure turbine la a tlve-atage un- 
cooled dealgn. Improvemente were projected aa a 
nault ol Improved concentricity, aeallng, and 
roundneea control (e.g., an unepllt Impingement 
cooled caae la uaed). The mixer conatet* of 24 
chutea contoured for effective, lowloae mixing 
of the hot, high velocity core gaa with the low- 
velocity fan atream. 

The Pratt 1 Whitney conf * gurat Ion la lllua- 
trated In figure 12, along with aeaoclated key com- 
ponent techno loglea. The fan la a elngle-atage, 
ahroudleaa deetgn with hoi low-tltanlum bladea 
having an aepect ratio of 2.H, A four-atage, 1.77 
preaaure ratio low-prraaure compreaaor auperchargea 
the core. It uave nupercrltlcal . canted alrfolla 
to minimise loaaea and provide high aurge margin. 

I he high -preaaure compreaaor la a high Inlet cor* 
reeled tip apeed dealgn with low aapect ratio 
(1.7:1 average) bladea and variable atatora In the 
flrat four atagea. Die .otor ttpa extend Into 
groovea (trenchea) In the abradable rub atrlpa for 
reduced loaaea. A modulated, active clearance con- 
trol aye tern la uaed on the laat aeven atagea. 
Multiple circular arc alrfolla are uaed for the 
auperaonlc and tranaonlc front atagea, while auper- 
crltlcal alrfolla are uaed for the rear atagea. 

The combuator la a low emlaalona vorblx 
(ataged vertex burning and mixing) dealgn ualng two 
axial atagea. It la derived from the NASA Experi- 
mental Clean Combuator Program. The hlgh-preaeure 
turbine la a alngle-atage dealgn with alnglr crye* 
tal alloy bladea permitting high metal temperatureg , 
hence mlnlmlilng compreaaor bleed cooling air. 

High eftlclenclea are expected, with the dealgn In- 
corporating large annulua area, low loading coelll- 
c I flit a, high rotor apeed, high rim apeed, contoured 
endwalla, preawlrled coolant flow Injection, hot/ 
cold okxlulated active clearance control, and ceram- 
ic outer air aeala coupled with abraalve blade 
tlpa. The low-preaaure turbine haa four uncooled 
atagea and la counterrotating relative to the high- 
preaaure turbine to reduce camber of the flrat- 
atage alrfolla and Improve performance. It alao 
haa active clearance contrul. To reduce weight, 
the rear atagea will be fabricated from titanium 
alumlnlde. Die mixer conalate of a 12-lobe ecal- 
loped configuration. A flight mixer would be made 
In one piece through auprrplactlc forming and dlf- 
fuelon bonding of titanium. 

Both engine man if acturera paid particular at- 
tention In their ctvlgn* to minimizing performance 
deterioration and maintenance coota. Both engine 
conf lgurat Iona feature a abort, al.ff, atraddle 
mounted core with eaally acceaaible bearing com- 
partmenta. Both uaed five main bearlnga and two 
bearing compartment* . Special attention haa ben. 
given to atructural load carrying to minimize en- 
gine bending forcea encountered furlng flight. 
Structurally Integrated compoalte Ian ducte, core 
cowla, and fan frame* are uaed to atlffen the en- 
plne caaea and reduce Inner caelng dlatortlona. 
Nacelle 'oad-aharlng la augmented by extenalve uae 
of active clearance controla on the compreaaor, 
hlgh-preaaure turbine, and low-preaaure turbine. 

Dila permit* clearance* to be opened up at oper- 
ating condition* where maximum flight load* and 


critical tranalenta occur, while permitting tighter 
clvarancea during crulae • hence Increaeed effi- 
ciency. Another contributing Item to reduction of 
maintenance coata and weight la the large reduction 
In number of alrfolla, primarily In the hot aectlon 
for Pratt A Whitney and In the compreaalon ayatem 
of the General Electric dealgn, a* compared to the 
reference engine*. Dila occur* bccauae of the uae 
of low-aapect-ratlu blading a* well aa a reduction 
In number ol atagea. 

Acouatlc reduction feature* of the two engine 
dea'.gna are alao almllar. A large chord-apac Ing 
la uaed between the ian rotor and outlet guide 
vanea to minimize fan nolae. Die mixer la expected 
to reduce Jet nolae conalderably. Low- preaaure 
turbine nolae la reduced by aelectlon of number* of 
bladea. Extenalve nacelle treatment la utilized In 
the tan Inlet and along the tan duct wall*. 

Die conceptual engine dealgn* offer the poten- 
tial for excaedlng the SPC and DOC goal* eatabl tail- 
ed by NASA for the E* project. Predicted benefit* 
are aontnar 1 zed In figure Id. The*.' value* reflect 
the projection* of both engine manu ' acturera a* 
well a* the aircraft manufacturer*. A* can be 
aeen, the goal* are exceeded In all caaea. Other 
goal* for performance deterioration, emlaalona, 
nolae, and growth capab.lity were alao exceeded, 
hence providing margin for an advanced technology 
program auch a* the E ' project. 

Thcae engine definition atudte* eatabllahed 
the baalc dealgn parameter* around which the cur- 
rent component development and integration program 
waa planned. Schvdulea for the current activity 
are ahown In figure 14 tor both contractor*, allow- 
ing the major projvct element*. A continuing de- 
algn and analyala effort will be conducted to aup- 
purl the component, core, and Integrated core/ low 
apool effort* and to uae data from thoae effort* 
for re f 1 nemeu t a of the prevloua engine definition 
atudiea . 

The component technology and development ic- 
llvlty will be conducted on all component* of tie 
engine (excluding the compoalte nacelle which (i 
not a part of the experimental effort of the E 
project). When aufflclently developed, the high 
preaaure component* will be aaaembled and teaced to 
evaluate component Interaction* and core perfor- 
mance. I'pon aatlafactory core demon* trat Ion, the 
low-apool component* (fan, low-preaaure turbine, 
and mixer) will be aaaembled with the core and a 
metal boilerplate nacelle. Thla Integrated package 
will then be teated to evaluate unlnatalled per- 
formance, Interaction, and mechanical ayatem* 

(e.g., active clearance control) operating charac- 
terlatlca . 

Advanced Turboprop* 

The third ACEE propulalon effort la the Ad- 
vanced Turboprop project. Thla project haa the ob- 
jective of providing technology readlneaa for ef- 
ficient, economic, anJ acceptable operation of 
turboprop-powered comnrrclal tranaport* at crulae 
apezu* up to Mach C.B and at altitude* above 4144 m 
(10 000 ft). Thla technology would alao apply to 
cargo aircraft, ahort-haul operation, and to new 
military aircraft requiring long-range and long- 
endurance aubaonlc capability. The goal la to 
achieve at leaat a 1) percent fuel aavlng* relative 
to a turbofan engine with an equivalent level of 
core technology. Thla goal, of courae, muat be 
achieved with a cabin environment which la accept- 
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«t> I tr (l.e., trim lot t«l< It- and quiet a* today's 

jet-powered oxmnerctal tranaporta). 

'revloualy, In the IvsOa, turboprop-powered 
aircraft were In commercial aarvlca at speeds of 
Mach O.b to O.t) and at altltudaa about 7b0o m 
(23 000 ft). these wara replaced by jel-ptmered 
aircraft which ofterrd higher apaad, above- the- 
weather cruise, better passenger comfort, and atm- 
plrr maintenance fn an ara of Inexpensive fual, 
afltclency waa not a critical lactor and was offaat 
by the higher productivity of the jets. Now, how- 
ever , tha application of aavaral advanced technol- 
ogies (e.g., advanced aerodynamic capabilities and 
understanding! Improved structural concepts per- 
mitting thin, hlgh-apeed, swept-tlp blade fabrica- 
tion! etc.) permits the turboprop propulsion system 
to once again be considered. An example of this 
evolution In turboprops, In this case a scale model 
mounted In the Lewis Research Cant) r 8- by 6- foot 
wind tunnel, la shown In figure IS. 

A number of aircraft and propulsion system 
studies have Indicated the potential of this con- 
cept. (H*! 9 ' Results from three of the earlier 
studies are shown in figures 16 and 17. Hoeing 
and Lockheed examined ivgs technology level turbo- 
shat t engines versus equivalent technology level 
turbofan engines (l.c., JT10D level of technology). 
The Hoeing aircraft design was based on 197b tech- 
nology levels, while Lockheed used 198*) technology 
levels (l.c., supercritical airfoil, active con- 
trols, etc.). Douglas used the DC9- 10 as a basis 
of comparison and compared both current technology 
level turboshaft engines (TSFC*0.bl) end 1985 tech- 
nology level engines (TSFC-0.5)) to the current 
DC 9- (0 configuration using low-bypass-ratio JT8D 
turbo tan engines. As can be seen, a wide spread 
In fuel savings and DOC was achieved, reflecting 
various assumptions (e.g., propeller efficiency, 
fuselage concepts and weight tor noise attenuation, 
aircraft configurations, design stage lengths, 
maintenance costs, etc.) of thr three different ap- 
proaches. In all cases, however, there la a very 
significant Improvement for the t jrboprop-powered 
aircraft as cixnpar.'d to the turkof an-powered air- 
craft. This Is especially true at the shorter 
stage lengths and Is one rcar.on why ad jnced tur- 
boprops look particularly attractive for the short- 
atid medium-range flight markets currently being 
served by the DC-9, B-717, and B-727 aircraft. 

Theae studies Identified (our major areas as 
being Important for low fuel consumption, low op- 
erating cost, and passenger acceptance. These 
arcus - propoller/nacelle, cabin environment, In- 
stallation aerodynamics, and mechanical components- 
are all being addressed In Phase 1 of the Advanced 
Turboprop project, this phase Is an enabling tech- 
nology effort, directed at evaluation of concepts, 
development of theory, and acquiring supporting 
data for the four kry technical areas. Lewis Re- 
search Center manages this effort with support of 
Ames (Installation aerodynamics snd aircraft 
studies), Dryden (flight testing), and Langley 
(cabin environment). 

In the propel ler/nacc 1 le area, the goals are 
to establish aerodynamic and acoustic design meth- 
odologies for high-speed propellers (and associated 
nacelle and engine Inlet) and to select a viable 
baseline propeller design (Including fabrication 
technique) for future phases In which effects of 
seal I ig will be evaluated. For the cabin environ- 
ment area, the goals are to Identify merits snd 
tradeoff characteristics of various fuselage noise 


attenuation concepts along with Ident 1 1 leal Ion ol 
the Impact of propeller noise characteristics on 
fuselage design, Efforts In Installation aerody- 
namics will establish the effect and extent of 
propel ler/nacel le/wlng Interactions and will Iden- 
tify Improvements available through nacclle/wing 
tailoring. Finally, mechanical component goals 
are to establish conceptual designs lor tuiboprop 
engines wllh Improved gearboxes and pitch Change 
mechanisms, and to Identify potential Improvements 
relating to thr reliability and maintenance costs. 
Some results and status ol the areas are described 
as follows. 


Prone 1 ler/Nscel le 


The propeller and Its nacelle must be designed 
to achieve high efficiency at cruise speeds up to 
Mach 0.8 and 9144 m ( 10 000 ft) altitude. The pro- 
peller bled) i must be very thin and wilt require 
swept leading edges In order to minimize compressi- 
bility losses. Ihr spinner and nacelle will re- 
quire shapplng to minimize choking and compressi- 
bility losres, especially near the blade roots. 

At this time, four propeller models have been 
tested (deslglisted by the model numbers SR-1, BR- 
IM, SR-2, and SR-)). These models were all b2.2) 
cm (24.5 In.) diameter md were designed by Hamil- 
ton Standard unde.- contract to Lewis Research Cen- 
ter. Planform and significant design character- 
istics sre shown In flgur 18. The models all had 
eight blades snd were designed to operate at Mach 
0.8, a tip speed of 244 m/swc (800 ft/r :), and a 
disk power loading ol 101 kW/m- (37.5 shp/lf). 

Tip sweep was varied, however, for values of 0° 
1 SK-J), 10" (SR- 1, SR-1M), and 45° (SR-1) as shown 
In figure 19. SR-2 was basically a baseline de- 
sign against which the effects of s-'eep were to be 
evaluated. SR- l and SR- 1M differed primarily *o 
the blade twist and camber distribution from hub to 
tip. SR-1 was modified Into SR-1M when results of 
Initial wind tunnel testing showed radial loading 
differed from design distribution. The changes 
were designed to Increase loading In the outboad 
region of the blade. SR-) was the first model to 
be designed with acoustic conglderatlisi (fig. 15). 
Because of this snd other refinements In the blade 
design procedures (taking advantage of previous 
testing on SR-1, -1M, and -2), the design effi- 
ciency of SR-J was higher and the estimated cruise 
nesr-fleld noise level was lower than for the other 
designs. TVo types of spinners were also designed 
and teated - one was conical and the other was area 
ruled to lower flow velocities In th. hub region 
where choking could be a problem. 

Initial testing of SR-1 and SR-2 was conducted 
by Hamilton Standard (under NASA contract) It; a 
wind tunnel at United Technologies Research Center. 
(20,21) These tests gave the first experimental 
confirmation of the expected propulsive efficiency 
gains for advanced turboprops. A comparison to 
1950-era turboprops (e.g., Lockheed Electra) and to 
hlgh-bypaxa-ratlo turbofans is shown fn figure 20. 

Subsequently, all mode la have been tested In 
the Lewis Resesrch Center 8- by 6-foot wind tunnel. 
Test data are shown In figure 21 for a range of 
Mach numbers. SR-1 Is seen to have the best per- 
formance above Mach 0.75. Alao, preliminary re- 
sults indicate the predicted reduction In noise 
was achieved. Further, the area-ruled spinner per- 
formed better than thr conical spinner. (Note 
that retwisting of SR-1 to SR- 1M did not sffect 
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th« performance at the design Mach number at pre- 
dicted.) Other teata, not shown, varied tip apeed 
and iiDvrr loading Iron design conditions. Efft- 
clenciea above HO percent were achieved with the 
lower power loadings (but In actual operation, thta 
would k > v *' • larger ptopeller diameter whtch mat 
be conaldered In the aircraft optimization). 

Other propeller modela are currently In the 
program to Inveetlgate ef facta ol dealgnlng for 
different tip apevd, loading, and nuitber of bladea, 
along with advanced alrfolla. Heaulta to date, 
however, Iron an efficiency atandpolnt, are cone Id- 
ered promising. The prevtoualy mentioned atudlea 
aaaumed a value of HO percent for propeller effi- 
ciency. Improvement a continue to be made In pro- 
peller aerodynamic dealgn methodology baaed on teat 
results and analytic. Such Improvementa are ex- 
pected to reeult 1.' achieving or bettering the 
value of HO percent efficiency at dealgn loading 
and Mach number. Heaulta, aa they ere obtained, 
will alao continue to be factored Into aircraft 
•todlee to provide guidance aa to the optimum de- 
al gn condttlona. 

In addition to the propeller effort directed 
at efficiency, work la alao planned to evaluate 
propvller fabrication and aer.elaatlclty. The 
baala approach to conatructlon of the thin, highly- 
swept bladea la to uae modi f teat Iona of the metal 
apar-compoalte ahell approach aa cornier : lal ly de- 
veloped by Hamilton Standard. Fabrication samples 
and aeroelaetlc modela will eatabllah the least- 
blllty of ualng thla or other methods. 

cabin Environment 

To be competitive with turbofan aircraft, 
cabin environment during crulae for an advanced 
turboprop aircraft aha. Id be equivalent In nolee 
and vibration. The ~. J 1 a e perceived by the paaaen- 
ger Inside the cabin la a atrong function not. only 
of the n'lee generated by the propel lera but alao 
of the noiae attenuated by the fuselage. Since 
the propeller tips may be a lightly supersonic at 
the Mach O.H crulae condition, the resulting near- 
field noise level la expected to be quite high. 

Thus , It la likely that additional alrfram weight 
(over a turbofan-powered aircraft) will be required 
to achieve the required attenuation. The quiet 
cabin environment la thus achieved at the expense 
of fuel economy. 

Currant)/, there are four approaches to thla 
prot'em (t) Design propeller tip speed can be 
reduced to lower the noiae generated by the pro- 
peller. (2) Fuselage dealgn and can acoustic treat- 
ment can be Improved over conventional techniques 
to lncreaae noise attenuation. (3) The propeller 
and fuselage dealgn can be Integrated In the selec- 
tion of propeller blade paaalng frequency and fuse- 
lage acoustic modes (ft) Finally, the engine loca- 
tion on the aircraft can be optlmlxed, for example, 
mounting the engines farther outboard on the wing, 
or on the aft end of the fuselage ber.lnd the pas- 
senger cabin, would result In leas cabin noiae. 

All four approachea, which affect propeller effi- 
ciency, diameter, and weight, will require exten- 
sive aircraft optimisations and tradeoff studies 
First, however, naar-fleld noise data on propellers, 
aa Influenced by dealgn parameters, la required. 

To obtain high quality acoustic data with 
respect to noise level, spectral content, and di- 
rectionality, NASA la planning to conduct flight 
teata of the 62.2) cm (24.5 In.) diameter propeller 


siodels cm a JetStar aircraft (fig. 22). The oucdets 
would be mounted above the fuselage, whtch would be 
Instrumented with microphones. Thla approach has 
bern lakrn because of the uncertainty of high-speed 
wind-tunnel acoustic data with reaped to both 
level and directionality. Alao, such uncertainty 
la extremely difficult to quantify without rooipar- 
laon to flight data. 

For fuselage attenuation, three different 
fuselage struct iral concepts have been suggested to 
data. A conventional fuselage la believed to at- 
tenuate noise aa a> own In figure 2). The least at- 
tenuation occurs In 'he frequency rang' ol several 
hundred herta. Unfortunately , the blade paaalng 
frequencies of many propeller designs fall In thla 
range. The three concepts to resolve thla problem 
are (1) Structural tuning and damping, which 
seems to apply at the blade paaalng frequencies of 
current propeller designs; (2) Increasing fuselage 
stiffness, which la more effective at lower fre- 
quencies aa cou'd be achieved by lower propeller 
tip speeds (ar., of courae, lower tip speeds are 
alao an affective way to reduce propeller generated 
noise); and (J) Using a double-llmp-wal 1 approach 
to lowering i. -sonant frequenclea while Increasing 
damping Tills latter concept la more effective 
with higher blade passing frequencies as could be 
achieved with increased number of bladea. Current 
plana are to analyse these concepts and run model 
or panel teata for screening their effectiveness 
In providing maximum noise attenuation with minl- 
nxjm weight penalty. 

Inatal 1st I on Aerodynamic a 

Tile Initial aircraft atudlea Identified the 
Integration of the turboprop propulsion system with 
the airframe aa one of the areas of high uncer- 
tainty, particularly because of the possible large 
Interaction between the slipstream and wing These 
Interactions could be particularly severe for a 
supercritical wing. Ihe section of the wing In the 
slipstream can operate into drag-rise, effectively 
reducing the Installed performance of the propel- 
ler. In addition, the propeller will be subject 
to a nonuniform flow field created by the airframe, 
thus potentially reducing its performance. Con- 
versely, there la a possibility for swirl recovery, 
thus Increasing the performance of the Inatal led 
propulsion system. 

To reduce the uncertainties associated with 
the Installation of these advanced turboprop pro- 
pulsion ayatem, a combined experimental and analyt- 
ical research program has been Initiated by Ames 
Research Center. Both a slipstream simulator model 
and a powered semispan model will be tested. To 
date, only preliminary results from teata of the 
slipstream simulator In the Ames 14-foot wind- 
tunnel are available (fig. 24). These results do 
show that the drag penalties associated with the 
Interaction of a turboprop a Upstream and a super- 
critical wing are not excessive, and that the po- 
tential does exist to recover some of the propeller 
swirl losses with the wing The reaaon for the 
apparent anomaly at a 6° awlrl la not known, but It 
will be Investigated further with the powered aenl- 
apan model teata. 

Mechanical Components 

The fourth area to be addressed In the Ad- 
vanced Turboprop project Involves evaluation of the 
reliability maintenance coats of the advanced pr^- 
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poller anu gearbox, alimi with conceptual icmnint 
and iltiluna lor advanced n«)rbi>w>, pitch change 
mechanisms, and engine drive systems, T* date, a 
atudy of turboprop re liability and maintenance 
coata haa been completed by Detroit Dleael Allison 
(DDA) under contract to Lew la Research Center.''*' 
The objectives were to determine actual maintenance 
coata ol paat turboprop ayatema and then project 
auch coata lor new turboprop ayatema In the I4g$- 
I ‘WO time period. Hamilton Standard aaalated In 
the evaluation ot the propeller data. Hie alrcralt 
Involved were the Lockheed LIAM Klectra, Convalr 
CVS80, and Lockheed I 182 Hercutea. These were all 
powered by the DDA VJl-Dl' turboahalt engine and 
either the DDA b0*> propeller or the IIS '>4Ht>0 pro* 
peller. Data waa obtained from airline recorda, 
outalde repair facllltlea, CAB form 41, and the DDA 
reliability and maintenance department recorda. 

Figure 25 shows the reaulta of thla atudy, aa 
conquered to the fully burdened maintenance coat of 
the JTAD turbofan that powera the B-7J/ aircraft. 

In thla comparlaon, the actual turboprop mainte- 
nance coat of $42.10 per flight luxir In CY 147b 
dollar a waa acaled to $5 1.18 to reflect the acallng 
of the turboprop to a throat capability equal to 
the JTAD turbotan at Mach 0.8 and 10 b70 m (35 000 
ft) altitude. It can be aeon that the bulk ot the 
maintenance coata reflect the older technology core 
of the DDA501-D13 engine, although there la atlll 
a aubatantlal difference between the propeller/ 
gearbox and tan/thruat reveraer. For future engine 
ayatema, It can be aaaumed that the maintenance 
cos*. ot the core will be no greater for a turbo- 
prop than for a turbofan If the aame level of tech- 
nology la uaed. I'hua , It turboprop maintenance 
coata are io be comparable to thoae of a turbotan 
engine, the propel ler/gearbox maintenance coata 
must be reduced to the level of the tan/thruat 
reveraer . 

Vartoua coat drlvera and design features of 
the 501-Dl J/54H60 system were examined to deter- 
mine where maintenance coat savings could be ex- 
pected. Then, unburdened coata for that system 
were projected to an advanced design of 1490, as- 
suming that various design features were Incor- 
porated (fig. 7b). 

Elimination ot scheduled removals accounted 
for bO-percent of the cost saving. Modularity In 
dealgn contributed another large fraction. For 
the gearbox, other Items Included provision tor 
more modern design features such ns longer life 
bearings, removing engine accessories from the 
gearbox and mounting them on the core as la the 
case for a turbofan, and using a single shaft drive 
for aircraft accessories. With all these features, 
the unburdened maintenance coata were projected to 
be $0.7.1, about a six to one reduction. 

Values ot tills order were uaed In the advanced 
turboprop aircraft studies previously described. 
Since such coata could be higher In actual prac- 
tice, 'he affect on DOC of doubling the maintenance 
costs was evaluated using data from two of the 
studies. * ' As shown in figure 2b, the effect 

Is small. 

Future Ettort 

Currently, NASA la In Phase 1 of a multl- 
phaaed Advanced Turboprop program. Phase l is an 
enabling technology phase that Is estimated to re- 
quire about 3 years to accomplish. Effort In all 
four of the major technical areas la being con- 


ducted, aa previously described. Future phases, to 
fully establish technology readiness, will evaluate 
scale effects relative to propeller generated 
noise, fuselage noise attenuation conczpta, propel- 
ler flutter, and propeller fabrication. Flight 
testing will be required to achieve viable data In 
these areas and to evaluate system Interactions 
under flight operational conditions. In this way, 
the potential of the advanced turboprop system rel- 
ative to fuel savings and cabin environment can be 
established for commercial acceptance, 

Concluding Remarks 

Potential benefits ot the threr “’ll propul- 
sion efforts tor commercial air trcnspoits are 
shown In figure 28. In ECI, as much as $ percent 
fuel savings and 3 percent DOC reduction can be 
realized by the early 1480s, thus being very ap- 
plicable to the near-term needs of the airlines. 

E 1 benetita represent a major reduction in fuel 
savings and DOC and could bo realized In the late 
1480s In new engines or In derivative engines by 
the middle 1980s. Advanced turboprop benefits 
might be achieved by the late 1980s or early |490s 
and represent the largest potential ot any ACET 
project. Indeed, the advanced turboprop provides 
an almost unmatched technological opportunity, 
possibly leading to a step gain In subsonic air- 
craft efficiency. To realize auch gain, however, 
will require a major change In propulsion systems 
from those In current use. For this reason, ad- 
vanced turboprop concepts may first appear In otlx- r 
types of aircraft. 

In stannary, these three projects represent an 
aggressive and focused approach to developing full 
efficient propulsion technology. Further, their 
Impact on future alrcralt propulsion systems Is 
believed to be large and of major consequence. 
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1* Abstract 


i »jor new thrust tn NASA’s aeronautical research Is the Aircraft Energy Efficiency Program. 
Tills program, Initiated tn an effort to minimi <j the adverse impact of the world wide fuel rrisls 
on the aviation industry, will develop technology for more fuel -efficiency subsonic transport 
aircraft. It includes three major propulsion projects: (1) Engine Component Improvement - 
directed at current engines, (2) Energy Efficient Engine - directed at new turbofan engines, and 
(31 Advanced Turboprops - directed at technology for advanced turboprop- powered aircraft. 

This |ja|H*r reviews each proje-t, describes some of the technologies and recent accomplishments, 
and summarizes their respective status. 
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